Lake-rich Arctic river deltas are recharged with terrigenous dissolved organic matter 12 (DOM) during the yearly peak water period corresponding with the solstice (24 h d -1 solar 13 irradiance). Bacteria-free DOM collected during peak Mackenzie River discharge was exposed 14 to sunlight for up to 14 d in June 2010. As solar exposure increased, carbon and lignin 15 concentrations declined (10% and 42% respectively after 14 d), as did DOM absorptivity (62% 16 after 14 d), aromaticity, and molecular weight. Photochemical changes were on par with those 17 normally observed in Mackenzie Delta lakes over the entire open-water season. When irradiated 18 freshet DOM was provided as a substrate, no significant differences were observed in 19 community-level metabolism among five bacterial communities from representative delta 20 habitats. However, bacterial abundance was significantly greater when non-irradiated (0 d) 21 rather than irradiated DOM (7 or 14 d) was provided, while cell-specific metabolic measures 22 revealed that per-cell bacterial production and growth efficiency were significantly greater when 23 communities were provided irradiated substrate. This complex response to rapid DOM 24 photodegradation may result from the production of inhibitory reactive oxygen species (ROS), 25 along with shifts in bacterial community composition to species that are better able to tolerate 26 ROS, or metabolize the labile photodegraded DOM. 27 28
Page 1 of 39 Photodegraded dissolved organic matter from peak freshet river discharge as a substrate 1 for bacterial production in a lake-rich great Arctic delta. 
Introduction 31
The Mackenzie River Delta, located in northwest Canada where the Mackenzie River 32 empties into the Beaufort Sea basin of the Arctic Ocean, is both lake-rich and ecologically 33 diverse. High levels of productivity are sustained by the annual spring flood, when discharge in 34 the north-flowing Mackenzie peaks due to melting snow in the large subarctic watershed, and 35 water levels peak in the delta due to restricted flows as channels become clogged with fractured 36 ice cover and rubble. As water levels exceed channel bank heights, sediment-, nutrient-, and 37 organic-rich floodwater (Gareis and Lesack 2017) spreads out over the delta floodplain in a thin 38 layer covering an average of 11,000 km 2 (Emmerton et al. 2007 ). The timing of the annual flood 39 corresponds with the Arctic summer solstice, when solar exposure is continuous and there is high 40 potential for dissolved organic matter (DOM) photodegradation. Direct sampling of floodwater 41 is difficult, however, since unstable ice cover and moving debris in river channels means that the 42 only safe method of accessing sampling sites is by helicopter. The spring freshet is therefore a 43 relatively understudied part of the annual hydrograph, and at present Mackenzie River freshet 44 DOM is poorly characterized, and its photoreactivity and suitability as a bacterial substrate are 45 not well understood. 46 DOM is a heterogenous pool of organic compounds that are present in all natural waters. 47 D r a f t aquatic food web via the microbial loop (Azam et al. 1983 ). This is a critical process thatD r a f t examine differences in bacterial metabolism resulting from changes in DOM lability, as well as 93 any differential use of DOM among communities. We hypothesized that (1) the bioavailability 94 D r a f t levels. The highest elevation lakes sit above the average peak flood height in the Mackenzie 124 Delta, and are not flooded annually with river water. 125
The elevational gradient among delta lakes creates an exceptionally diverse aquatic 126 environment Marsh 2010, Squires et al. 2009 ), and generates co-occurring gradients 127 in carbon (Tank et al. 2011, Spears and Lesack 2006) , nutrients (Lesack et al. 1991) , primary 128 productivity (Squires and Lesack 2003a, Squires and Lesack 2002) , and bacterial abundance and 129 production (Spears and Lesack 2006) . Due to the complexity of the lake-rich delta landscape, 130
and the regular inputs of nutrients and sediments carried in flood-and river-water, the Mackenzie 131
Delta is a hotspot of productivity and biodiversity in the circumpolar Arctic supporting large 132 populations of birds, fish, and mammals and serves as a feeding and breeding ground for 133 migratory birds (Squires et al. 2009 ). Immediately offshore, nutrient-rich Mackenzie Delta 134 discharge is incorporated into the productive marine food web on the Beaufort Shelf (Bell et al. 135 2016 , Dunton et al. 2006 , an important nursery for fish and marine mammal species. 136 137
Experimental design and rationale 138
The purpose of this experiment was to explore how bacterial communities from different 139
Mackenzie Delta habitats respond to the availability of progressively photodegraded freshet 140 DOM as a metabolic substrate. The experiment consisted of three parts. In the first, bacterial 141 communities were isolated from five representative delta habitats that have widely differing 142 DOM compositions. In the second, a single sample of floodwater, retrieved from the Mackenzie 143 River on the day of peak flood, was irradiated under ambient conditions in Inuvik, Northwest 144 Territories (68.3607 °N, 133.7230 °W) for 0, 7, and 14 d, to simulate photodegradation that 145 would occur during floodplain storage at the time of the annual peak flood. In the third, the 146 photodegraded floodwater was mixed with bacterial communities in a total of 15 different 147 experimental treatments (bacterial community x length of solar exposure), and bacterial 148 metabolism was assessed. 149
Step 1 -Sampling and processing of bacterial communities 150
Bacterial use of DOM differs among delta habitats based on the dominant character of the 151 local DOM pool (Tank 2009) , and therefore, likely reflects variations in community 152 composition. We collected bacteria from five habitats with divergent DOM compositions 153 D r a f t concentrations offshore (Emmerton et al. 2008 , Vallières et al. 2008 . The BEAU 188 bacterial community was collected from the nearshore Beaufort shortly before ice out, 189
and had a salinity of 0.95 ppt, suggesting that mixing with ocean water was restricted by 190 ice cover and that the community largely originated in the Mackenzie River plume. 191
192
The CON, MAC, TK, and RIV communities were isolated four times during June 2010. 193 Dip samples were collected from the mid-point of each lake or channel using an acid-cleaned 194 and DDI-rinsed 5L HDPE container. Delta lakes are shallow, well-mixed by wind, and do not 195 stratify, so surface dip samples are representative of the average bacterial community. Samples 196 were transported to the Inuvik Research Centre in cool (4°C), dark conditions, where they were 197 processed within 3 h of collection. The BEAU community was isolated from a single water 198 sample taken from the nearshore Beaufort Sea (BEAU; Figure 1 ). Due to the logistical 199 difficulties of accessing this sampling site once the ice cover began to thaw, a single 20 L sample 200 was taken on 30 May 2010 using an integrated sampler deployed through an augered hole. 201 Several 60 mL aliquots were filtered through pre-combusted (16 h at 450°C) GF/C filters 202 (0.7 µm nominal pore size) for analysis of dissolved nitrogen (total, nitrate, and ammonium) and 203 phosphorus (total and dissolved inorganic). Another 60 mL subsample was filtered through a 0.2 204 µm polyethersulfone filter (GSWP, Millipore Corporation) for analysis of dissolved organic 205 carbon (DOC) concentration and DOM absorbency. The remaining sample water was then 206 filtered using Whatman GF/D filters (2.7 µm nominal pore size) to remove grazers and isolate 207 the bacterial community (Tank 2009, Roland and Cole 1999) . Triplicate samples were preserved 208 with glutaraldehyde (final concentration 2.5%) for counts of in situ bacterial abundance. 209
Bacterial community isolates were then stored overnight at 4°C in the dark. Four hours before 210 bioassays were scheduled to begin, isolates were moved into dark cupboards to slowly warm to 211 room temperature. 212 D r a f t
Step 2 -Freshet DOM photodegradation incubation 213
A 60 L water sample was taken from the Mackenzie River upstream of the delta on the day 214 of peak flood (19 May 2010). Water was collected from the float struts of a helicopter that 215 landed mid-channel, and was stored in dark, cool (4°C) conditions for 3 h before processing at 216 the Inuvik Research Centre in Inuvik, NT, where it was sequentially filtered through several 217 capsule filters with progressively smaller pore sizes to remove particulates. The final filter was a 218 sterile 0.2 µm in-line capsule filter (Pall Life Sciences) that removed bacteria. The DOM filtrate 219 was then stored in cool (4°C), dark conditions until the incubation began. ) from 280-2800 nm 235 every five seconds, with average values recorded at 15 min intervals. The aperture of one 236 pyranometer was completely covered by a disk of Acrylite ® OP-2 plastic, which removed over 237 99% of the incident UV radiation (Gareis 2007) and therefore gave measurements of UV-238 excluded radiation. UV levels were determined by difference (global -UV excluded radiation). 239
At the end of each incubation, the irradiated DOM filtrate was immediately re-filtered 240 through 0.2 µm polyethersulfone filters (GSWP, Millipore Corporation) and subsampled for 241 DOC, DOM, and lignin analyses. The balance of the DOM filtrate was then mixed with the five 242 D r a f t bacterial communities to create the treatments for the bacteria-DOM bioassay, which began no 243 more than 2 h after each incubation ended. 244
Step 3 -Bacteria-DOM bioassays 245
A series of three bioassays were conducted during June 2010 to assess the growth and 246 metabolism of five bacterial communities (BEAU, RIV, CON, MAC, TK) when provided 247 progressively photodegraded freshet DOM (0, 7, and 14 d) as a substrate, giving a total of 15 248 experimental treatments (bacterial community x length of solar exposure). 249
During each bioassay, the five treatments were run in duplicate by combining 1.2 L of 250 bacterial isolate with 2.8 L of irradiated DOM (a 30:70 ratio), then splitting the water between 251 two 1L amber glass bottles and two 1L cubitainers. A replicate consisted of one bottle and one 252 cubitainer which were sealed using tubing and stoppers configured to make a sampling port (as 253 in Tank 2009 ). This allowed repeated subsampling of each replicate without introducing air to 254 the microcosm. Replicates were incubated in the dark at ambient lab temperatures (~23°C) by 255 submerging bottles and cubitainers to the neck in a water bath. 256
Samples to assess bacterial growth and metabolism were taken at the beginning of each 257 bioassay, and again after 24 and 48 h. Samples for bacterial abundance (BA) were taken in 258 triplicate, and immediately preserved using glutaraldehyde added to a final concentration of 259 2.5%. Triplicate bacterial respiration (BR) samples were taken in stoppered glass bottles, and 260 measured as the decrease in dissolved oxygen (DO) from the previous sampling occasion. 261 Samples for bacterial production (BP) were taken in one 20 mL vial, which was immediately 262 subdivided and assessed for BP. Samples were also taken for DOC, dissolved nitrogen (total, 263 nitrate, and ammonium) and dissolved phosphorus (total and dissolved inorganic) The ratio of spectral slope coefficients (S R ) from two regions of the log-transformed absorption 287 spectra was calculated (S R = 275-295 nm slope:350-400 nm slope), and used to characterise the 288 source, molecular weight, and diagenetic state of the DOM pool (Helms et al. 2008) . 289
Lignin was measured following the methods of Louchouarn et al. (2000) . Between 750 and 290 1000 mL of 0.2 µm filtered sample water was acidified below pH 3 with H 3 PO 4 and then 291 extracted onto a column of C 18 Bondesil resin (Agilent Technologies). Columns were eluted 292 using basic methanol, and extracts were evaporated to dryness at 40°C under constant vacuum in 293 an AES2000 Speedvac (Savant Instruments). Dried samples were resuspended in 2 mL of 2N 294 NaOH and transferred to Teflon-lined acid digestion vessels (Parr Instruments). A further 11 mL 295 of 2N NaOH was added to the sample, along with ~500 mg cupric oxide and ~50 mg ferrous 296 ammonium sulphate, before samples were hydrolysed at 150°C for 3 h. Trans-cinnamic acid was 297 added as a recovery standard, and the products of the lignin oxidation were quantified using a 5-298 point calibration curve of eight lignin phenol standards (Hernes and Benner 2003) . Phenols were 299 separated using a Varian 431-GC gas chromatograph, followed by phenol detection using a 300
Varian 220-MS ion-trap mass spectrometer operated in the electron ionization (EI) mode using 301 ms-ms (tandem mass spectrometer). Phenol ratios were calculated as the ratio of total syringyl to total vanillyl phenols (S:V), and 311 total cinnamyl to total vanillyl phenols (C:V). When considered together, S:V and C:V ratios 312 indicate plant tissue origin (Goñi et al. 1998, Hedges and Mann 1979) , while the state of 313 oxidative degradation is indicated by the ratio of acid to aldehyde phenols in both the vanillyl 314
[(Ad/Al) V ] and syringyl [(Ad/Al) S ] groups (Jex et al. 2014) . 315
Total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) samples were 316 analysed via acid photo-oxidation following the methods of Stainton et al. (1977) . Nitrate 317 samples were analysed using flow injection colorimetric spectrophotometry (Anderson 1979) , 318 while ammonium samples were analysed using orthophthaldialdehyde fluorometry (Holmes et 319 al. 1999) . Dissolved inorganic nitrogen (DIN) was calculated as the sum of the ammonium and 320 nitrate fractions, while dissolved organic nitrogen (DON) was calculated by difference (DON = 321 TDN -DIN). Samples were analysed for DIP using molybdate blue spectrophotometry 322 (Strickland and Parsons 1972) , and the dissolved organic phosphorus (DOP) fraction was found 323 by difference (DOP = TDP -DIP). All nutrient quality ratios (DOC:DON, DON:DOP, 324 DIN:DIP) were calculated using molar concentrations. 325
Preserved samples for BA analysis were stored in the dark at 4°C until counting, within six 326 months of collection. To ensure even dispersion of bacterial cells during filtering, TWEEN was 327 added and the sample was sonicated following the methods of Yoon and Rosson (1990) . DAPI-328 stained (10 mg L -1 ) samples were filtered onto 0.2 µm black polycarbonate filters (GE 329 Osmonics) and counted at 1000 x magnification using a Zeiss Axioplan microscope with a 50 W 330 bulb (Osram HBO) and DAPI-specific filters. 331 BP was determined using a modified version of the [ 3 H] leucine (Leu) incorporation method 332 described by Smith and Azam (1992) . Incubations were conducted with four replicates plus one 333 blank from each experimental replicate. Twenty µL of Leu (74 nM; saturating concentration) 334 were added to sterile microcentrifuge tubes, and incubations began when 1.7 mL aliquots of 335 D r a f t bioassay water were added. The tubes were maintained at 20°C for 1 h, at which point bacterial 336 production was halted by the addition of 89 µL of 100% (w/v) trichloroacetic acid (TCA). To 337 remove unincorporated Leu, the samples were thoroughly mixed using a vortex, allowed to rest 338 at room temperature for 30 min, and centrifuged (10 min at 16,000 x g) before the supernatant 339 was discarded. Samples were then rinsed with 1.5 mL of 5% (w/v) TCA, mixed, centrifuged (10 340 min at 16,000 g), and the supernatant was again discarded. Liquid scintillation cocktail (0.5 mL; 341 BCS, GE Life Sciences) was added to each tube, followed by thorough mixing on a vortex. 342
Samples were then read on a Triathler portable scintillation counter (Hydex Oy), within 6 h of 343 incubation. The isotope dilution factor was assumed to be 2, as in and 344 Simon and Azam (1989) , and BP (g C L -1 h -1 ) was determined assuming a 7.3 mol % of Leu in 345 total bacterial protein and a carbon-to-protein ratio of 0.86, as in Simon and Azam (1989) . 346 BR was measured as loss of DO in samples incubated in 60 mL stoppered glass BOD 347 bottles. DO concentrations were determined following the spectrophotometric method of Roland 348 et al. (1999) , and converted to CO 2 concentrations assuming a respiratory quotient of 1. 
Statistical analyses 357
Results obtained at the end of the 48 h bioassays were tested for outliers and the normality 358 of residuals using a Shapiro-Wilk test (Shapiro and Wilk 1965) . Data were analysed using a 2-359 way analysis of variance (ANOVA), with the length of the photodegradation incubation (0, 7, 14 360 d) and bacterial community (BEAU, RIV, CON, MAC, TK) as factors. As the interaction term 361 was not significant (p > 0.05) in any analysis, results were tested for main effects followed by a 362 post-hoc Tukey's HSD to determine significant differences among treatment means. (Table 2) . During the first week of incubation, 8% of the initial DOC pool was lost via complete 396 mineralisation, with a further 2% lost during the second week. Chromophoric DOM (a350) also 397 decreased throughout the incubation period, while the slope ratio (S R ) increased from a strongly 398 terrestrial value (0.38) to one more typical of estuarine or coastal samples (1.07). Decreasing 399 values of SUVA 254 indicated decreasing average aromaticity of the DOM pool. Daily changes in 400 a350 and S R were greatest during the first week of incubation, but were more uniform over both 401 weeks for SUVA 254 . 402
Lignin phenols showed a complex response to solar exposure (Table 2) . Overall, the 403 concentrations of two lignin phenol groups (V and S) decreased during the incubation, with the 404 decrease occurring during the first 7 d followed by a small recovery during the second week. numbers, which clearly illustrated that initial conditions in the bioassay treatments differed and 414 had to be properly accounted for in later analyses. To remove the effects of initial community 415 BA numbers, a standardised measure of percent change in BA over the course of the bioassays 416 was examined (Table 3) , and cell-specific rates of bacterial metabolism (SBP, SBR, SGE) were 417 used rather than total community-level rates (Figures 8, 9 , and S1)
1 . This allowed for a direct 418 comparison of the relative change in BA and cell-specific rates among all treatment 419 combinations. Although parameters were monitored at 0, 24, and 48 h, statistical comparisons 420 were only carried out using final data after 48 h. The results of all statistical comparisons are 421 shown in Figure 9 , with further detail provided in Table S1 2 . 422 D r a f t indicates that DIP was consumed during the bioassays. 437
Effects on bacterial metabolism 438
Bacterial metabolism also showed complicated responses to the extent of photodegradation 439 of the freshet DOM substrate. Compared to the generally low rates generated using raw 440 floodwater substrate, rates of cell-specific BP (SBP; Figure 8b ) increased rapidly during the first 441 24 h of incubation with DOM that had been irradiated for 7 d before declining to lower rates 442 after 48 h. When bioassays were conducted with DOM that had been irradiated for 14 d, 443 however, rates of SBP increased throughout the incubation, with rates after 48 h that were 444 significantly greater than those observed at the end of the initial incubation using raw freshet 445 DOM (F = 46.6542, p = 0.0009; Figure 9b 
Photoreactivity of Mackenzie River freshet DOM 455
Our results supported our initial hypothesis that freshet DOM bioavailability would 456 continually increase throughout the irradiation incubation, and were consistent with prior 457 observations of photodegradation in a range of riverine (e.g. Spencer et al. 2009 , Moran et al. 458 1999 , Opsahl and Benner 1998 and other freshwater (e.g. Cory et al. 2014 , Osburn et al. 2001 Bertilsson and Tranvik 2000) environments. 460
Collectively, our results demonstrate that Mackenzie River freshet DOM has a very high 461 potential for photodegradation, and that it was extensively modified during a very short period of 462 continual exposure to ambient sunlight (Table 2) now, however, these experiments have only been attempted using lake water that was collected 498 after the flooded period, due to difficult sampling conditions and restricted access to the delta 499 during the freshet. This study is therefore the first to directly examine the photochemical 500 potential of Mackenzie River floodwater sampled during the peak freshet. 501
Our results demonstrate the importance of floodplain processes taking place on circumpolar 502 river deltas and floodplains, which are active sites of carbon and nutrient cycling in the northern 503 landscape, but which are nevertheless frequently overlooked in studies of great circumpolar river 504 biogeochemistry. Although DOC and lignin concentrations declined due to complete carbon 505 photodegradation and mineralization, the changes in DOM quality, such as decreased molecular 506 weight and aromaticity, are likely more important from an ecosystem perspective as they render 507 freshet DOM more bioavailable for microbial consumption and bacterial metabolism (Lindell et 508 al. 1995 , Wetzel et al. 1995 . These increases in bioavailable DOM occur at a critical time of 509 year when Mackenzie Delta food web productivity is increasing rapidly due to the breakup of ice 510 cover, warming temperatures, the delivery of nutrient-rich floodwater, and prolonged daylight 511 hours. As a result, food web production in the Mackenzie Delta may be enhanced via the 512 microbial loop, contributing to the high levels of productivity and biodiversity seen in this 513 system (Squires et al. 2009 ). Secondary production may also be enhanced in the nearshore 514
Beaufort when photodegraded freshet DOM is delivered in discharge. 515 D r a f t Contrary to our initial hypothesis, increases in BA were only observed during bioassays 524 when communities were mixed with raw floodwater (Figure 8a ). When mixed with floodwater 525 that had been irradiated for either 7 or 14 d, all bacterial communities experienced declines in 526 BA over the 48 h bioassay period (Figure 9a ), while conversely, cell-specific growth efficiencies 527 (SGE) were significantly greater during bioassays using floodwater that had been irradiated for 528 14 d (Figure 9d ). This indicated two contrasting responses to the presence of photodegraded 529 freshet DOM; while total community populations declined, the remaining individuals 530 experienced enhanced rates of growth. 531
There are several possible mechanisms that may account for these observed changes in 532 bacterial metabolism. For instance, lysis following the death of bacterial cells can release a pool 533 of labile nutrients that can subsequently stimulate growth in surviving bacteria (e.g. Eckert et al. 534 2013) . We suggest, however, that our results point towards two concurrent processes with 535 opposing effects on bacterial growth and metabolism; the simultaneous production of inhibitory 536 ROS and stimulatory labile DOM during irradiation, both of which exert selection pressures 537 resulting in shifts in bacterial community composition to species that are better adapted to the 538 ambient conditions following photodegradation. 539
Exposure to ROS can cause oxidative damage to cellular targets in bacteria, including DNA, 540 RNA, lipids, and proteins (Ruiz-González et al. 2013). They are generally short-lived with half-541 lives ranging from less than a second to hours (Burns et al. 2012 ), but are not produced during 542 dark periods so they are usually completely removed from water columns overnight. Arctic 543 latitudes experience uninterrupted sunshine for prolonged periods (weeks to months) around the 544 time of the summer solstice, however, which may allow for accumulation of ROS in highly-545 absorptive (i.e. highly coloured) water columns rich in terrigenous DOM. For example, Febria et 546 (2006) found that the production of hydrogen peroxide (H 2 O 2 ) in two delta lakes that were 547 also sampled herein (CON and TK) outpaced the rate of removal during a period of 548 uninterrupted sunshine in 2004, leading to an accumulation of H 2 O 2 within the water columns. 549 Production of ROS during previous studies of DOM photodegradation have been observed to 550 inhibit community-level rates of carbon production (Glaeser et al. 2014 , Anesio et al. 2005 , 551 Scully et al. 2003 ) and result in changes in bacterial community composition (Glaeser et al. 552 2014 , Glaeser et al. 2010 . Further, in a prior study by Lund and Hongve (1994) , declines in BA 553 of up to 60% were observed after only an hour when UV-irradiated DOM was mixed with 554 bacteria. If the irradiated DOM was instead stored for two weeks before mixing, no bactericidal 555 effect was found, suggesting that short-lived ROS molecules were responsible for the observed 556 declines. Given the prolonged periods of sunlight exposure during our irradiation incubations, 557 the high photochemical potential of Mackenzie River floodwater, and the immediate (within 2 h) 558 mixing of the irradiated DOM with bacterial communities at the start of each bioassay, it seems 559 likely that ROS were produced at a high rate during the incubation period and then exerted 560 strong inhibitory effects on BA during our bioassays (as in Figure 8a ). 561
Floodwater DOM that was exposed to ambient solar conditions continued to be broken 562 down throughout the entire 14 d incubation, becoming increasingly labile as a result (Table 2) . 563
Photodegraded DOM molecules are smaller and less aromatic, and therefore more labile and 564 easily consumed by bacteria, than are the unaltered compounds in the initial DOM pool 565 (Obernosterer and Benner 2004 , Bertilsson and Tranvik 1998 , Moran and Zepp 1997 , Wetzel et 566 al. 1995 . The presence of photodegraded and bioavailable DOM has been observed to fuel 567 increases in bacterial production in the short-term, with these effects fading over longer 568 observational periods. When bacteria from a mid-latitude alpine lake were provided irradiated 569 DOM at the start of a 48 h incubation, Pérez and Sommaruga (2007) found that Leu 570 incorporation increased over 24 h but subsequently declined, with no increase apparent after 48 571 h. A similar pattern was seen in our bioassay using 7 d irradiated floodwater (Figure 8b) , where 572 an initial sharp increase in SBP also suggested that the surviving bacteria were released from a 573 relative shortage of growth substrate. Increased bacterial production and growth have been 574 observed in the presence of irradiated DOM in many freshwater systems (e.g. Paul et al. 2012 , 575 Anesio et al. 2005 , including in the circumpolar Arctic (Ward et al. 2017 , Cory et al. 2013 , 576 where photochemical oxidation of DOM accounts for the majority of C processing (Cory et al. 577 D r a f t 2014). Prior work in the Mackenzie Delta has shown that lower molecular weight DOM derived 578 from macrophytes supports higher rates of BGE in communities isolated from a variety of 579 habitats (including TK and CON lakes; Tank 2009). It therefore seems likely that an increase in 580 the relative proportion of lower molecular weight, less aromatic, and more labile photodegraded 581 DOM would also stimulate bacterial metabolism in delta lakes compared to higher molecular 582 weight DOM. The pool of increasingly labile DOM as the photodegradation period lengthened, 583 combined with reduced competition for resources due to decreased BA, may therefore have 584 contributed to the higher SGE that was observed in the surviving bacteria in our irradiated 585 bioassay treatments (both 7 and 14 d; Figure 9d) . 586
Collectively, our results suggest a possible shift in bacterial community composition during 587 those bioassays that used irradiated (7 or 14 d) floodwater; for example, to species that may be 588 more tolerant of ROS, better able to exploit the increasingly labile pool of DOM as a growth 589 substrate, or a combination of both. The remaining, better-adapted species would have also 590 faced less competition for resources, which may have further amplified their cell-specific 591 metabolic rates. Further work is needed, however, to investigate the composition of Mackenzie 592
Delta bacterial communities, variations in community structure that occur during the open-water 593 season, and the ways that communities respond to the presence of photodegraded freshet DOM 594 and its by-products, to further untangle this complicated set of interactions. 595 596
Initial hypothesis: The greatest increases in growth and metabolic rates would be observed in 597 bacterial populations from habitats that frequently receive subsidies of photodegraded DOM. 598
Although we hypothesized that we would find the greatest rates of bacterial growth and 599 metabolism in communities from habitats that typically receive high levels of photodegraded 600 DOM, our observations did not support this. Instead we found that, among the five bacterial 601 communities, there were no statistically significant differences in their metabolic rates once they 602 were standardized to per-cell measures (SBP, SBR, or SGE). This indicates that, although 603 bacterial communities from a range of delta habitats with divergent C and DOM characters may 604 have had differing short-term responses after 24 h (e.g. as in Figure 8 ), over the longer-term, they 605 responded similarly to the presence of photodegraded DOM. This agrees with other studies that 606 have observed shifts in bacterial community composition and metabolism in response to the 607 character of the DOM substrate, regardless of the origin of the initial populations (e.g. 608 D r a f t Attermeyer et al. 2015 , Judd et al. 2006 ). In our study, only the irradiation treatment (0, 7, or 14 609 d) had a significant effect on BA, as well as on all three measures of cell-specific bacterial 610 metabolism ( Figure 9) . 611
In situ BA at our five habitat sites varied over an order of magnitude during our sampling 612 period, from 7.45 to 65.55 x 10 4 cells mL -1 , and varied in a similar fashion across all sites 613 following the first sampling day (Figure 6 ). These abundances were substantially lower than 614 those reported during some prior studies in Mackenzie Delta lakes, when BA counts were up to 615 two orders of magnitude greater (2 to 20 x 10 6 cells mL -1 in both Tank [2009] and Febria 616 [2005] ). However, our results were comparable to those found during two other studies of BA in 617
Mackenzie Delta lakes; Spears and Lesack (2006) water period (July and August), once water temperatures in the river and delta lakes had warmed 626 considerably, which may have resulted in higher BA counts. The second reason why our BA 627 values may have been lower is that our samples may have contained a very high proportion of 628 particle-attached bacteria relative to free-living bacteria. Particle-attached bacteria comprise, on 629 average, 77% of the total suspended bacterial community in delta lakes, with the proportion 630 increasing with total suspended solid (TSS) concentrations. Conversely, free-living bacteria (the 631 fraction measured herein) account for an average of only 14% of the total suspended bacterial 632 community in delta lakes (Chateauvert et al. 2012) . In 2010, all three delta lakes received 633 floodwater for some amount of time (between 6 and 172 d; Table 1 ), which would have 634 contributed TSS to the lakes early in the open-water season, as well as particle-attached bacteria 635 that would have been removed when samples were filtered to isolate bacteria. We found BA 636 values in the Mackenzie River (RIV) and the Beaufort coastal zone (BEAU) to be very close to 637 those found in the delta lakes ( Figure 6) ; however, our estimates in these cases were close to 638 those found during prior studies. For example, BA in surface water averaged 67 x 10 4 cells mL -1 639 D r a f t along a 300 km transect from the Mackenzie River into the Beaufort Sea (Vallières et al. 2008) , 640 and fluctuated from 10 to 100 x 10 4 cells mL -1 in Franklin Bay (Garneau et al 2008) and on the 641
Mackenzie Shelf (Matsuoka et al. 2015) . 642
Although measures of bacterial metabolism were standardized per cell, we did not 643 standardize nutrients across the bioassays. Nutrient conditions therefore differed at the start of 644 each bioassay due to differing nutrient compositions in each of the five bacterial isolates that 645 were mixed in a 30:70 ratio with irradiated freshet DOM. By the end of the 48 h bioassay 646 periods, all showed evidence of DIP utilization, with much higher ratios of DIN:DIP as 647 compared to in situ conditions ( Figure 5 ). These high inorganic N:P ratios point towards P-648 limitation in all bioassays, similar to in situ conditions which show inorganic P-limitation on 649 most sampling dates. This indicates that the bacterial growth and production of all communities 650 and bioassays were likely P-limited to some extent. The RIV population was the only one that 651 showed strong evidence of DOP being used as a substrate, as ratios of DOP:DON were up to 652 three times greater following the bioassay as compared to ratios measured in situ. 653 654
Limitations of experimental design 655
Although some important insights were gained from this experimental study, we recognize 656 that our study design did not replicate natural conditions in the Mackenzie Delta and that our 657 results must therefore be interpreted in this context. 658
Polyethylene incubators were filled with floodwater to simulate photobleaching on the delta 659 floodplain. Although this was necessary because we had limited access to the delta during the 660 high-water freshet period, the rapid photochemical changes that were observed were likely due, 661 in some part, to the artificial conditions in our incubator system. The incubators did not allow 662 mixing with fresh contributions of river water, the addition of rainfall, or contributions of 663 terrigenous DOM from the floodplain surface itself (e.g. leaching from soil surface layers or 664 flooded vegetation). Additionally, UV wavelengths penetrate the uppermost 50 cm of delta lakes 665 on average (Gareis et al. 2010) . Although the average depth of Mackenzie Delta lakes is less 666 than 2 m, with maximum depths less than 4 m (Mackay 1963) , there is still some portion of the 667 water column that remains shielded from the effects of UV exposure. The irradiated water layer 668 in the incubators was only ~15 cm deep, which means that the entire aliquot of flood water was 669 continually irradiated throughout the incubation period, with no external inputs to replenish the 670 D r a f t DOM pool. Under real-world conditions, it is therefore likely that photochemical changes to 671 DOM on the delta floodplain are less rapid and extensive than what we observed herein. 672
Regardless, our results emphasize the high photoreactivity of Mackenzie River freshet DOM, 673 and the high potential for photodegradation and photomineralization during even the short 674 periods of delta floodplain storage that occur during the high-water period corresponding to the 675 annual flood and Arctic summer solstice. 676
The floodwater that was irradiated in our incubators may have also developed elevated 677 levels of ROS compared to what would occur under natural conditions in the delta. Mackenzie 678 Delta lakes are well-mixed by wind due to their shallow depths, and do not stratify during the 679 ice-free season. The incubator conditions therefore differed from those in the floodplain lakes 680 because there was no mixing of irradiated surface layers with unirradiated bottom layers, which 681 would have distributed ROS throughout the water column and lowered concentrations. Also, 682 under real-world conditions Mackenzie Delta habitats experience varying degrees of water 683 renewal and dilution, with greater rates at riverine and connected lake sites, but lower rates in 684 delta lakes that become cut off from distributary channels following the flood. It therefore seems 685 likely that the potential effects of ROS on our bacterial populations also differed from what 686 would be observed under natural conditions, where the severity of these effects would differ 687 among populations based on their rates of water renewal. 688
Another factor that must be considered is that our bioassays were conducted in the lab under 689 dark conditions, which removed some direct effects of UV exposure. Wavelengths in the UV 690 range damage bacterial DNA (Karentz et al. 1994) , and inhibit bacterial production (Ruiz-691 González et al. 2013 , Anesio et al. 2005 , Jeffrey et al. 1996 in natural sunlit environments, and 692 these effects may be even more pronounced at high latitudes that experience uninterrupted 693 daylight during the summer solstice. Under natural conditions, we would likely have observed 694 lower rates of bacterial production and growth efficiency due to these direct UV effects. 695 696
Conclusions 697
This study, which to our knowledge is the first quantification of Mackenzie River freshet 698 DOM quantity, bioavailability, and photoreactivity, fills a gap in our current knowledge of Arctic 699 river biogeochemistry. Additionally, it illustrates the importance of biogeochemical processes 700 D r a f t occurring on the world's circumpolar deltas and floodplains, which are often overlooked in 701 studies of riverine export to the Arctic Ocean. 702
Photodegradation under ambient solar conditions on the large, lake-rich, and seasonally-703 flooded Mackenzie Delta floodplain may lead to substantial changes in DOM quality that are on 704 par with those normally seen over the course of the entire open-water season in delta lakes. This 705 rapid photodegradation may produce a large pool of bioavailable substrate to fuel production 706 both within the delta itself, as well as in Beaufort Sea coastal regions, at a time of year when 707 temperatures are warming and ice cover is rapidly lost. However, our results also suggest that 708 some part of the DOM photodegradation process exerts selection pressures resulting in changes 709 to bacterial community composition. Among other possibilities, ROS may reach levels that 710 inhibit bacterial growth and metabolism, or the increasingly labile DOM pool may be exploited 711 as a growth substrate by a subset of the bacterial population. Future work on the community 712 composition in differing delta habitats, and how it changes in response to DOM 713 photodegradation, is needed to fully understand these interactions. 714
The export of photodegraded DOM from large circumpolar rivers provides a source of 715 readily-available energy-and nutrient-rich material to nearshore marine zones at a critical time 716 of year, when food web production is rapidly increasing at the start of the ice-free open-water 717
season. An understanding of how floodplain processes alter DOM quantity and quality prior to 718 its discharge is essential to better anticipate the potential effects of future climate change, such as 719 thawing permafrost and shortened ice-covered seasons, on this important resource. Tables   Table 1. Physical and flood frequency characteristics of three Mackenzie Delta lakes from which bacterial communities were isolated in June 2010. The lakes were chosen because their DOM and C compositions are representative of those commonly found in lakes of the east-central Mackenzie Delta; a riverine composition (in CON lakes that remain connected to delta channels), macrophyte leachates (MAC), and permafrost contributions from thawing thermokarst (TK). following 48 h bioassays with Mackenzie River floodwater DOM that had been continuously irradiated under ambient solar conditions for 0, 7, or 14 days. Error bars show one standard error of the mean. Legend entries that share a common underscore are not significantly different from one another at a significance level of α = 0.05. Note that BA could not be directly compared amongst treatments because in situ BA (and therefore initial BA counts in the bacterial isolates that were mixed with photodegraded DOM) varied both among sites, and between sampling dates ( Figure 6 ). See Table 3 for the percentage changes in BA during the various bioassays that were used to conduct statistical tests. Legend entries that share a common underscore are not significantly different from one another at a significance level of α = 0.05. Note that BA cannot be directly compared amongst treatments because in situ BA (and therefore initial BA counts in the bacterial isolates that were mixed with photodegraded DOM) varied both among sites, and between sampling dates (Figure 6 ). See Table 3 for the percentage changes in BA during the various bioassays that were used to conduct statistical tests.
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